Abstract Previous reports of slow cooling of human mature oocytes have shown a reduced clinical efficiency relative to fresh oocytes. This study reports that equivalent fertilization and implantation rates to those obtained using fresh oocytes and cryopreserved embryos can be achieved with human mature oocytes dehydrated in 1.5 M propanediol and 0.2 M sucrose at 37°C and cryopreserved using slow cooling rates.
Introduction
Over the last decade, improvements in slow cooling of human oocytes has seen a transition from research into clinical practice [1] with over 400 births [2] reported from this technology. Oocyte cryopreservation provides an option for young single women about to undergo gonadotoxic treatments [3, 4] , for couples with ethical concerns regarding embryo cryopreservation and for salvage of a cycle in which sperm retrieval has failed or is limited. There is also a major benefit from oocyte cryopreservation in an oocyte donation program [5] and, potentially, a unique opportunity for the growing population of women who may wish to delay their biological clock. However, this technology has not been adopted as routine practice in the majority of clinics due to reports of reduced clinical efficiency when compared to fresh oocytes [6, 7] . In contrast, application of oocyte vitrification has gained increasing momentum due to reports of clinical outcomes similar to those from fresh oocytes [8] [9] [10] .
Modifications to the original slow cooling methodology described for human oocytes resulted in increased survival rates (review [11] ) but the most frequently used modification, which involves dehydration in 1.5 M propanediol with 0.3 M sucrose [12] , appears to be associated with reduced implantation rates when compared to fresh oocytes [6, 7] . This may be a consequence of the slower embryo development [13] and organelle damage [14] reported for this method. Although parameters such as reduced time between collection and cryopreservation [15] and assisted hatching of subsequent embryos [16] may result in some improvement, the clinical efficiency has remained low (reviewed in [11] ). In contrast, modifying the sucrose concentration to 0.2 M during dehydration also increased survival [17] [18] [19] [20] but implantation did not appear to be impaired [19, 21] suggesting more potential [11] with this modification, although a reduced implantation rate relative to fresh oocytes has also been reported recently [20] . This again raised the criticism that slow cooling is inappropriate for human oocytes Capsule Equivalent implantation rates for slow cooled mature oocytes dehydrated in 1.5 M propanediol and 0.2 M sucrose at 37°C and fresh oocytes from young women.
and that only vitrification can achieve similar clinical outcomes to those from fresh oocytes [8] [9] [10] .
It is well established that embryo selection, whether by the use of early developmental/morphological markers or by applying extended culture to the blastocyst stage, influences the clinical efficiency of all ART procedures [22] , including oocyte cryopreservation. In contrast to the vitrification studies published where these approaches have been applied [9] , the majority of reports on slow cooling of oocytes have been from Italian clinics where embryo selection was precluded by legislative restrictions, with obvious potential impact on clinical efficiency.
The most critical challenge with slow cooling of human oocytes has been to achieve complete dehydration in a population of oocytes known to have large variation in the membrane hydraulic permeability coefficient [23] . The aim of higher concentrations of non permeating cryoprotectants is to increase the rate of dehydration, thereby achieving dehydration in the vast majority of oocytes and circumventing this variation. Also fundamental to this concept is that the membrane permeability coefficient is dependent on temperature [24] which regulates the movement of permeating cryoprotectants [25] .
Therefore, the aim of this study was to compare the clinical outcomes from human mature oocytes, dehydrated in a combination of propanediol and 0.2 M sucrose at 37°C prior to slow cooling, to those from fresh oocytes and frozen embryos in the same clinical programme.
Material and methods

Patients
Oocytes were cryopreserved from patients undergoing controlled ovarian stimulation cycles between January 2001 and August 2011. During this period over 150 patients had oocytes cryopreserved but only 31 have subsequently thawed some or all of their oocytes. Infertility patients requesting thawing had oocytes frozen for the following reasons: a) failure to retrieve sperm (n=13), b) objection to embryo cryopreservation (n=8), c) ovarian hyperstimulation (n=2), and d) egg donation (n=1) The majority had been diagnosed with male infertility (n=19), the others were diagnosed with endometriosis (n=2), unexplained infertility (n=2) and age related infertility (n=1). Non infertility patients requesting thawing (n=7) had oocytes cryopreserved for social reasons (n=5) and for fertility preservation (n=2). Data for all patients with thawed oocytes is shown in Table 1 .
Oocyte cryopreservation
Retrieved oocytes were denuded of cumulus and corona cells using hyaluronidase (20 IU/ml; Hylase, Sanofi Aventis Australia) in Quinn's Advantage HEPES-buffered medium (QHEPES; SAGE BioPharma, USA). Metaphase II oocytes were held in Quinn's Advantage Fertilisation medium (QFERT; SAGE BioPharma, USA) containing 4 mg human serum albumin (HSA)/ml (SAGE) for a minimum of 1 h between denuding and dehydration. This concentration of HSA was used throughout unless stated. Cryopreservation basal medium was QHEPES supplemented either 20% heat inactivated maternal serum or 20 mg HSA/ml. The maximum time between oocyte collection and cryopreservation was 5 h. All dehydration solutions were pre-warmed to 37°C and maintained at 37°C on a warmed stage throughout the procedure. Oocytes were dehydrated in 1.5 M 1, 2 -propanediol (PROH) for 5 min (min) followed by 1.5 M PROH + 0.2 M sucrose (SigmaUltra, Sigma) for 5 min before loading into 0.25 ml plastic straws (IMV Technologies, France) and sealed. Straws were loaded into a programmable freezer (Kryo 10; Planer Products, UK) and cooled to −7°C at a rate of 2°C/min. At this point, ice seeding was induced and cooling continued to −30°C at 0.3°C/min and finally at a rate of 50°C/min to~−150°C. Oocytes were stored under liquid nitrogen.
Thawing
Straws were thawed in air for 30 s followed by 40 s at 30°C. Oocytes were rehydrated through decreasing concentrations of PROH and sucrose (1.0 M PROH + 0.2 M sucrose for 5 min, 0.5 M PROH + 0.2 M sucrose for 5 min, 0.2 M sucrose for 2.5 min and 0.1 M sucrose for 2.5 min). Rehydration was performed at 37°C and the basal medium was QHEPES with 20 mg HSA/ml. Oocytes were transferred to QHEPES for 10 min followed by incubation in QFERT for a minimum of 1 h before ICSI was performed. The ICSI procedure has been previously reported [26] . Oocytes were subsequently cultured in QFERT and assessed for pronuclei at 16-18 h post injection.
Embryo development
Oocytes were then transferred to Quinn's Advantage Cleavage medium. Fertilised oocytes were assessed at 23 h post injection for entry into syngamy/first cleavage and again at 42 h post injection for embryo cleavage [27] . Embryo selection for transfer on day 2 was based on criteria previously reported [28] . All remaining embryos suitable for cryopreservation were subsequently cryopreserved on day 2 using the 1.5 M PROH + 0.2 M sucrose embryo method previously reported [29] .
Fresh oocytes & frozen embryos
Results obtained from fresh oocytes/embryos and cryopreserved embryos transferred in our clinic post 2004 were compared to those from cryopreserved oocytes. Implantation was defined by detection of an intrauterine fetal heartbeat. Data was analysed by chi square.
Results
The results for cryopreserved oocytes are presented in Table 2 and are stratified according to female age at cryopreservation (<38 and ≥38). All metaphase oocytes were cryopreserved irrespective of morphological appearance. Despite this, the post thaw survival rate was 75.8% ( Table 2 ). The subsequent fertilisation rate for the thawed oocytes which were injected (67.6%) was similar to that observed for fresh oocytes undergoing ICSI in our clinic (70.8%).
A mean of 9.3 oocytes were thawed per patient. In patients where oocytes had been cryopreserved due to lack of available sperm, all or most of the oocytes were thawed and supernumerary embryos were cryopreserved. Where oocyte cryopreservation had been performed to avoid embryo cryopreservation, a maximum of 2 oocytes per cycle were thawed.
Of 40 day 2 embryos, derived from cryopreserved/thawed oocytes, transferred in women under 38, the overall implantation (FH) rate was 36.6% (12/40; Table 2 ). Four of the 12 implantations resulted from the transfer of frozen/thawed embryos which had been generated from cryopreserved oocytes. We have previously described one of these cases in which implantation and live birth resulted from the transfer of a cryopreserved embryo which had been generated from injection of a cryopreserved sperm into a cryopreserved oocyte [30] . From January 2004 onwards, the implantation rate from over 7000 ICSI generated day 2 embryos in women of the same age in our clinic was 26.0%. A similar rate was observed for embryos transferred fresh which had been generated from cryopreserved oocyte (25.8%; Table 1 ). The implantation rate of cryopreserved/thawed day 2 embryos in women under 38 in this period was 19.1%. Although the number was low (9 embryos transferred) a comparable IR (44.4%) was observed for frozen/thawed embryos generated from cryopreserved oocytes. The implantation rate of day 2 embryos formed from oocytes cryopreserved when the woman was past her 38th birthday was 3.8% (1/26; Table 2 ). Fresh day 2 ICSI embryos and cryopreserved day 2 embryos in this age group have implantation rates of 10.1% and 7.6% respectively in our clinic.
Information regarding the pregnancy outcomes from cryopreserved oocytes are reported in Table 1 . All cryopreserved oocyte pregnancies except one continued to term and no birth abnormalities were reported. One patient had a miscarriage at 8 weeks; with a normal karyotype. This patient has also had a fresh oocyte/embryo pregnancy which miscarried at 10 weeks.
Discussion
The survival rate achieved in the present study is similar to that previously observed with the 0.3 M sucrose method [7, 15, 16, [31] [32] [33] [34] [35] [36] [37] and the 0.2 M sucrose method [17, 19, 21] . In some of the above studies only oocytes with optimal morphology were cryopreserved [37, 38] which is not the case in the present study.
Theoretically, based on the temperature dependent membrane kinetics [39] and the low permeability [24] to water of human oocytes, exposure to the same concentration of cryoprotectant for an equivalent time will achieve a greater degree of dehydration at 37°C than at room temperature. As a consequence of the variability in the hydraulic permeability coefficient of individual human mature oocytes [23] , a higher proportion of oocytes will be fully dehydrated at the higher temperature. This may be expected to impact on cryosurvival and may be an explanation for the difference observed in survival between the present study (75.8%) and a recent multi centre study using 0.2 M sucrose at room temperature (55.8% survival) [20] .
In the present study, oocyte cryopreservation had no impact on subsequent fertilisation, cleavage or implantation of the subsequent embryos when compared to outcomes from fresh oocytes. Equivalent outcomes from cryopreserved/thawed compared to fresh oocytes have also been reported after rehydration in 0.2 M sucrose at 22°C with higher sucrose concentrations in the initial post thaw rehydration phase (0.3 M) [19] and in a donor program following dehydration at 37°C [21] . These results are in contrast to those reported for the 0.3 M sucrose dehydration method where an occasional group has achieved good blastocyst development [40] but the majority of data reported indicates a reduction in implantation relative to fresh controls [32] . Electron microscopic assessment of cryopreserved/thawed oocytes showed an increase in cytoplasmic abnormalities in those dehydrated in 0.3 M sucrose but not in those exposed to 0.2 M sucrose [14] . Slower embryo development on day 2 has also been observed with 0.3 M [31] but not with 0.2 M sucrose [19] .
Previously, we have demonstrated a reduced fertilisation rate associated with a delay of >8 h between initial oocyte collection and insemination of cryopreserved oocytes [41] . Although the effect on fertilisation has been circumvented by the universal application of ICSI, similar delays have now been demonstrated to manifest in reduced implantation rates [42, 43] . Although failure to obtain sperm was the main reason for oocyte cryopreservation in the present study, and would often delay the decision to cryopreserve the oocytes, we have adhered to a strict limit of cryopreservation within 5 h of oocyte retrieval. Both limiting this time interval and applying similar criteria when selecting embryos for transfer, have contributed to the similar implantation rates observed for embryos from both cryopreserved and fresh oocytes in this study. Unfortunately, this has not been an option in most of the previous oocyte cryopreservation studies due to legal restrictions in Italy. However, in one Italian study where at least two 4 cell embryos, derived from cryopreserved oocytes, were transferred [44] and in a report from an oocyte donation program [21] , similar implantation rates to this study were observed, in both cases using the 0.2 M sucrose dehydration procedure.
It would appear from the present study that the only parameter detracting from application of slow freezing with this method for oocyte cryopreservation is the survival rate of 76%. In comparison, a survival rate of 90% [5, 8, 9, 45] has been achieved with vitrification in 2.7 M ethylene glycol + 2.1 M dimethyl sulphoxide + 0.5 M sucrose in an open system initially reported by Katayama et al., (2003) [46] . This level of survival has repeatedly been obtained [10, [47] [48] [49] but not by all groups (77%; [50] , 81%; [51] and when used in conjunction with a closed system has resulted in a reduced survival (75%; [52] ). Manipulation of the equilibration of the permeable cryoprotectant and water prior to vitrification in a closed system has resulted in a high rate of survival (95%) only previously observed in open systems but blastocyst development appeared to be reduced [40] , possibly as a consequence of ultrastructural damage [53] . It has also been shown that a significant reduction in survival results following transport at −196°C of oocytes vitrified in the above open system [54] .
It is clear that critical optimal parameters, whether for vitrification or slow cooling, need to be determined for the human oocyte, in order to consistently achieve high survival and implantation rates. While the debate around whether high success can be achieved with a closed vitrification system continues [55] , the slow cooling method reported herein provides an easy, reproducible, safe closed storage system for human oocytes achieving similar clinical efficiency to fresh oocytes and cryopreserved embryos.
